The diversity of developmental programs present in animal phyla first evolved within the world's oceans, an aquatic environment teeming with an abundance of microbial life. All stages in the life histories of these early animals became adapted to microorganisms bathing their tissues, and countless examples of animal-bacterial associations have arisen as a result. Thus far, it has been difficult for biologists to design ways of determining the extent to which these associations have influenced the biology of animals, including their developmental patterns. The following review focuses on an emerging field, the goal of which is to understand the influence of bacteria on animal developmental programs. This integrative area of research is undergoing a revolution that has resulted from advances in technology and the development of suitable animal-bacterial systems for the study of these complex associations. In this contribution, the current status of the field is reviewed and the emerging research horizons are examined. © 2002 Elsevier Science
INTRODUCTION
As a discipline, animal developmental biology has principally focused on the intricate, conserved patterns of communication that occur among cells, transforming them from gametes to fully formed larval or juvenile animals through embryogenesis. Over the past 10 years, in a marriage of developmental and evolutionary biology, a growing interest has emerged in the diversity of animal body plans and the genetic regulation that underlies this diversity (for reviews, see Special Feature articles, April 25, 2000 issue of Proceedings of the National Academy of Science USA). Recently, in an elegant review for this journal, Gilbert (2001) highlighted the integration of yet another discipline into developmental biology, the field of ecology. As Gilbert points out, although biologists acknowledge that the environment is the ultimate driving force in the determination of developmental programs and the evolution of diverse body plans, relatively few recent studies have focused on the nature of these environmental influences. As a subset of these influences, the impact of the constant presence of bacterial cells in an animal's environment has been little studied. Evidence is accumulating that interactions of animals with environmental microbes have resulted in the coordinate evolution of complex symbioses, both benign and pathogenic (McFall-Ngai, 1998; Henderson et al., 1999; , and that coevolved animalbacterial partnerships represent a common, fundamental theme in the biology of animals. Thus, environmental bacteria present two types of potential influences on animal developmental programs: (1) the nonspecific influences of bacteria as ubiquitous and critical constituents of the environment, and (2) the specific influences of the bacterial cells that have coevolved with animals in tight associations that are maintained across generations. It is this latter category that is the subject of the following review.
The role of bacteria as coevolved partners in animal development is an issue not only of ecology but also of cell biology. The implicit assumption that has accompanied the study of animal development is that only "self" cells (i.e., those containing the host genome) communicate to induce developmental pathways. This viewpoint is understandable in light of the fact that embryogenesis often occurs in the absence of direct contact with bacteria. But even during embryogenesis, the imprint of the influence of bacteria can be seen in the formation of tissues that are destined to interact with coevolved microbial species Cebra, 1999; Umesaki and Setoyama, 2000; Visick and McFall-Ngai, 2000; McCracken and Lorenz, 2001 ). Once these tissues are "prepared" during an animal's embryonic period, essential interactions with its partner bacterial species ensue after hatching or birth. These interactions ensure the formation of healthy stable communities, which are composed of a single dominant eukaryotic cell genome and an array of microbial genomes, both eukaryotic and prokaryotic. In addition, the composition of the specific microbial communities associated with a host may vary in time and space, that is, through ontogeny and in different locations in the host, adding to the complexity of the system (e.g., Smith and Crabb, 1961; Rotimi and Duerden, 1981) . For example, in mammals, the best characterized of the animals, 9 of the 10 organ systems (i.e., integumentary, digestive, respiratory, excretory, reproductive, immune, endocrine, circulatory, and nervous) have components that interact directly with the outside environment for their normal function (only the musculoskeletal system is completely internal). With the exception of the nervous system, strong evidence is available for a coevolved bacterial consortium either in direct, persistent association with or sampled by these organ systems (Tannock, 1999) .
Until very recently, this overwhelming complexity had dissuaded biologists from integrating these communities into considerations of the various aspects of an animal's biology, including their developmental programs. However, huge strides have been made in certain areas of biotechnology during the last three to five years that are revolutionizing this field of study, opening up frontiers that heretofore were highly unapproachable. Specifically, the advent of high throughput DNA sequencing has provided the tools to characterize not only large animal genomes but also the genomic structure and function of entire microbial communities, including both the culturable and unculturable constituent species (see, e.g., Kroes et al., 1999; Suau et al., 1999; Marsh et al., 2000; Rondon et al., 2000) . The availability of these resources permits the first complete characterizations of the species diversity of animal-bacterial communities that coevolve as single complex units (Barbieri et al., 2001; Paster et al., 2001) . Recognizing the importance of such analyses, Relman and Falkow (2001) recently proposed the "second human genome project," which would aim to characterize the microbial partners of the human body. Similarly, with the advances occurring in bioinformatics, biologists studying the development of animal-bacterial communities are beginning to apply microarray technology to unravel the complex dialogue between the host and its bacterial partners (Akman and Aksoy, 2001; . Going hand in hand with these technological advances has been the development of model animal-bacterial associations that are amenable to experimental manipulation (Goebel and Gross, 2001; McFall-Ngai, 2001) (Table 1) . Only with the advent of the appropriate technology and the availability of newly developed models for their application is it now possible to design approaches to determine how these phylogenetically disparate genomes communicate as a dynamic unit in all phases of the development of the community, from the birth of the host to host reproduction.
The understanding of animal-bacterial interactions is a field in its infancy; as such, this review is necessarily largely a horizon analysis of a frontier rather than a retrospective. I present the conceptual landscape and the nature of the questions, as well as a summary of the advances in our understanding that has resulted from the development of new technology and the development of model systems over the past decade. For purposes of this review, I use the classical, more inclusive definition of symbiosis as first suggested by de Bary (1879) , that is, two dissimilar organisms living in close association; thus, symbiosis is viewed as an umbrella concept that applies to all types of associations of animals with bacteria, independent of the effects of the interaction on the fitness of the partners. The use of this term becomes more attractive all the time, not only because it is difficult to assess the impact of symbiosis on the fitness of the partners but also because it now appears that the spectrum of interactions is more correctly viewed as a continuum from pathogenic to beneficial (Hentschel et al., 2000) . The critical issue here is that animal developmental programs occur now, and did so historically, within the context of coevolved associations with microbes, and we are now in a position to address questions such as: what portions of an animal's life cycle are affected by interactions with coevolved bacterial partners? and, how are these interactions integrated into the developmental program of a given host animal species?
MAINTAINING THE COMMUNITY BETWEEN GENERATIONS
In the context of an animal's development, a principal challenge is to elaborate those features that will ensure maintenance of the complex community of the host and its specific bacterial partners with fidelity over the life history of a given animal, between generations of the species, and over evolutionary time. From a research point of view, the ultimate goal is to characterize the mechanisms by which this fidelity is achieved and to define the impact of these associations on the evolution of developmental patterns in animals. A useful and inclusive intellectual framework in which developmental biology might approach the vast and varied array of symbioses is to divide them based on mode of transmission between generations, which is perhaps the most important and defining character of the developmental program of an animal-bacterial community. Although the array of symbioses has been characterized in a variety of ways based on their mode of transmission, the degree to which the symbionts have the opportunity to influence the embryonic period is critical in a consideration of their influence on host development. Thus, for the present discussion, I focus on communities that are maintained faithfully between generations by one of two mechanisms, environmental or transovarian transmission. This dichotomy describes most symbiotic associations and is one that serves to emphasize the effects of symbiosis on the patterns of development (Fig. 1) .
In an environmentally transmitted association, the larval or juvenile host acquires its specific symbionts from the surrounding habitat with each generation and, thus, the microbial partners are not present to interact directly with host cells during embryogenesis. In these associations, the bacterial partners occur most often as extracellular consortia colonizing polarized epithelia, such as in the mammalian alimentary canal Tannock, 1999; Kolenbrander, 2000) and termite hindgut (Abe et al., 2000) . However, some monospecific and/or intracellular alliances that exhibit environmental transmission do occur [e.g., the squid-vibrio relationships (McFall-Ngai and Ruby, 1991) and the associations between vent tube worms and their sulfur-oxidizing bacterial symbionts (Cary et al., 1994) ]. Fortunately, some of the bacterial partners in these associations can be cultured in the laboratory. In addition molecular genetics has been developed in many of these bacterial symbiont species and the genomes of a growing number of them have been sequenced (Table 1 ). In addition, some of the host animals have been raised independently of the symbiosis, which has allowed the experimental manipula-
FIG. 1.
Environmental and transovarian transmission are the ends of the spectrum by which maintenance of animal-bacterial symbioses occurs between generations. The symbionts are associated with host cells over most of the life history in both types of associations (stages with symbionts in red). Specifically, in animals with transovarian transmission only the sperm cells are devoid of symbionts, whereas in animals with environmental transmission the symbionts are not associated with the germ line or the embryonic period (stages in the absence of symbionts in blue). The processes (green) that ensure development of the association through the life history of the animal are numerous and complex. Although many of the "challenges" are the same between these two modes of transmission, the mechanisms by which persistence of the association are achieved and maintained are markedly more complex in environmentally transmitted associations. In addition, only in some environmentally transmitted, consortial associations does a succession of the microbial community (gray) occur from initiation through the maturation stages of the relationship.
tion of the associations during their development (see, e.g., Bry et al., 1996; Graf, 1999 Graf, , 2000 Ruby, 1999; Vivas and Goodrich-Blair, 2001) .
In an association with transovarian transmission, the bacterial partners are provided in or on the gametes by the female parent (Douglas, 1994) . Examples of well-characterized symbioses transmitted in this manner are the arthropodbacteriome systems (Douglas, 1989; Moran and Baumann, 2000) , the invertebrate-Wolbachia symbioses (O'Neill et al., 1997) , and the relationships between solemyid clams and their gill-associated sulfur-oxidizing bacterial symbionts (Krueger et al., 1996) . Interestingly, these types of associations are prevalent in, yet largely restricted to, the invertebrates, and the bacterial partners in such symbioses are most often intracellular constituents of organs located deep in the body cavity. In many of these symbioses, the bacterial partner can be isolated from the host and subjected to immediate analysis, although a bacterial symbiont from only one association with transovarian transmission has been successfully brought into culture (Cheng and Aksoy, 1999; Dale et al., 2001) . Only in a few cases has the host been cultured in the absence of its symbionts without severely affecting the health and fitness of the host (e.g., Brooks and Richards, 1955; Nardon, 1973; Douglas, 1989) . Such technical problems have rendered the study of the development of symbioses with transovarian transmission difficult. However, these kinds of alliances are not only very common but they are also often ecologically and economically very important associations and have become the subjects of a rich literature (for review, see Douglas, 1989; O'Neill et al., 1997) . Thus, an understanding of these types of symbiosis is critical for a comprehensive picture of the influence of bacteria on animal development, particularly in invertebrates.
As with most categorizations of biological phenomena, the dichotomy of environmental or transovarian transmission is artificially discrete and actually describes the extremes of a spectrum. Some associations employ both strategies, such as in systems with intermediate insect vectors and terminal mammalian hosts (O'Neill et al., 1997) . Also, during the evolution of systems that have transovarian transmission, the bacterial partner must be presumed to have been acquired from the environment at some point, and only later did it become a permanent component of the host's germ line. It is important to note that, although such an evolutionary progression may take place within a given species, associations transmitted through the germ line are not necessarily more ancient or more specific than relationships that are environmentally transmitted. For example, Wolbachia, a common bacterial symbiont that is most noted for its role in sex-ratio distortion in arthropods, is generally passed through the germ line (O'Neill et al., 1997) . However, its widespread distribution and its pattern of phylogenetic occurrence among diverse invertebrate species suggest that transmission of this bacterium has occurred between taxa, and that some of these associations may have evolved relatively recently (Werren et al., 1995) . In contrast, experimental studies of symbiont recognition in sepiolid squids have demonstrated that these environmentally transmitted associations are highly specific (Nishiguchi et al., 1998) and that such symbioses often occur as shared, derived characters of ancient clades, suggesting they have been present throughout the evolution of that clade (McFall-Ngai and Toller, 1991) .
Whether an association is transmitted by the environment, by transovarian transmission, or by an intermediate mode, the challenges for the development of the community of animal and microbial cells are numerous and diverse, both within the ontogeny of the individual host animal, between generations of a given host, and among the array of host species. Because this field is in its infancy, no complete picture is available for the entire ontogeny of any animal-bacterial association. The pieces of evidence for bacterial involvement in developmental processes are currently somewhat disparate. However, very recent studies of specific associations (e.g., the insect-bacterial, the mouseintestinal consortial, and the squid-vibrio systems), some of which I describe below, are beginning to bring the scope of this field into focus. In particular, they are helping to clarify the critical questions that should be addressed to define the mechanisms by which host animals and their bacterial partners meet some of their developmental challenges.
ASSOCIATIONS OF COEVOLVED BACTERIA WITH EGGS AND EMBYROS
Bacteria are incorporated into the events of gametogenesis and embryogenesis of an animal host in symbioses with transovarian transmission, by definition (Douglas, 1989; Krueger et al., 1996) . In addition, bacteria are included as components of the extraembryonic layers of eggs of some species, where they can serve a protective function against potential pathogens (Gil-Turnes et al., 1992; Hansen and Olafson, 1999; Barbieri, 2001) . In many examples of transovarian transmission, the bacterial symbionts appear to have little effect on the activity of the egg as a gametic cell. Rather, they behave as passive passengers, either adhering to the surface of the egg or residing in its cytoplasm. However, in some cases, the symbionts can have profound effects on the cell biology of the eggs and can become incorporated into the normal reproductive biology of certain animal species.
Perhaps the best studied of such influences occurs in the association between arthropod hosts and their endosymbiont Wolbachia. The prevalence of Wolbachia is still controversial, although recent surveys of insect populations in some areas reported that over 70% of the resident species were carrying Wolbachia (Jiggins et al., 2001; Zimmer, 2001) . Depending on the host species, Wolbachia can exert a variety of effects with developmental consequences (O'Neill et al., 1997) . In a recent study of the parasitic wasp Asobara tabida, the presence of Wolbachia was shown to be essential for oogenesis, the first report of a symbiosis being critical for this process (Dedeine et al., 2001) . Often in Wolbachia symbioses, reproduction favors the retention and spread of the association in host populations through a phenomenon called cytoplasmic incompatibility (CI) (Hoffmann and Turelli, 1997) . In CI, the mating of a Wolbachiainfected male with an uninfected female yields no offspring, whereas the mating of an infected female with either an infected or uninfected male will produce progeny. Through this mechanism, infected females have a reproductive edge over those not harboring Wolbachia and, under certain conditions, Wolbachia can sweep through the species populations in which it has been introduced. For example, biologists studying the progression of this microbe in fruit fly populations in California have documented the spread of Wolbachia at a rate of 100 km/year (Turelli and Hoffmann, 1991) . Wolbachia is also known to have an influence on other aspects of the reproductive system in invertebrate hosts, including sex determination, sex ratios, and gamete viability (O'Neill et al., 1997) .
The study of animal-Wolbachia associations has a promising future. Although Wolbachia symbionts have not been brought successfully into laboratory culture, the host can be cured of its symbionts under laboratory conditions. Thus, it has been, and continues to be, an elegant system for genetic studies of the host. In addition, while best studied in arthropods, Wolbachia also occurs in filarial nematodes (Taylor and Hoerauf, 1999) , and perhaps other ecdysozoan phyla, or even other more distantly related invertebrate groups. The genomes of several Wolbachia species are currently the subject of sequencing projects (Zimmer, 2001) , the data from which will provide great insight into the role of Wolbachia in host life cycles. These advances should also be of significant heuristic value to the development of strategies for the future studies of these associations.
The eggs of aquatic hosts are susceptible to overgrowth by environmental bacteria and fungi. Although they can be grown axenically under laboratory conditions without much effect on embryogenesis, they are unlikely to develop under natural conditions in the absence of protective mechanisms. In some cases, the adherent microbiota on eggs has been implicated in providing the first line of defense against pathogens. For example, a correlation has been made between species-specific differences of surface adhesion characteristics of fish eggs and a species-specific microbiota associated with the eggs (for review, see Hansen and Olafsen, 1999) . In some aquatic invertebrates, strong experimental evidence indicates an essential role for specific bacteria in host egg protection. The eggs of the American lobster Homarus americanus and the caridean shrimp Palaemon macrodactylus require a monospecific association with a bacterium that produces an antifungal compound (Gil-Turnes et al., 1989; Gil-Turnes and Fenical, 1992) . Experimental manipulation of these associations has shown that when these eggs are devoid of their bacterial partner, they are quickly overgrown by fungal species resident in the ambient environment. Several squid and cuttlefish species have consortial symbioses in an organ called the accessory nidamental gland (ANG), which occurs only in the females of the species and appears to be involved in elaboration of the egg capsule (Kaufman et al., 1998; Grigioni et al., 2000; Barbieri et al., 2001) . Studies have shown that the cephalopod species with ANG symbioses lay eggs that harbor bacteria within layers of the capsule. Characterization of the symbiont communities of the ANG and eggs has shown many of the bacterial phylotypes are shared between the two tissues, and biologists studying these associations have hypothesized that the bacteria provide an essential protective function to the eggs (Grigioni et al., 2000; Barbieri et al., 2001) . How widespread such a protective function is among aquatic animals and whether such associations represent coevolved communities have been difficult questions to address, because many of these bacteria are unculturable and the communities adhering to eggs may be quite diverse. However, the application of recent technical advances in the study of the structure and function of bacterial populations promises to provide answers to such questions.
Although the eggs of hosts with environmentally transmitted associations may be protected by bacteria, the associations with their lifelong symbiotic partners are initiated immediately upon hatching or birth of the host, in contrast to hosts with transovarian transmission. Thus, it is the function of the embryonic program to include the elaboration of morphological, cellular, and molecular determinants that will promote establishment of the association with the appropriate environmental microbes, to the exclusion of nonspecific bacteria or potential pathogens. Such "preparation" of tissues for eventual postembryonic interactions has been studied very little; the major emphasis has instead focused on bacterial maturation of tissues postbirth or hatching, most notably in comparisons between germ-free and conventionally raised animals (see under "Postembryonic Development of the Association"). One reason for this scarcity of information is that, in many systems, it is difficult to decipher which components of the incipient colonized tissue are selected specifically for interaction with microbes. For example, the tissues of the alimentary canal are adapted for functions such as nutrient uptake in addition to maintenance of the bacterial consortium. However, in the association between the sepiolid squid Euprymna scolopes and its marine luminous bacterial partner Vibrio fischeri, the host has an embryonically elaborated set of tissues, whose sole function is to ensure colonization of the host with its symbiont (McFall-Ngai and Ruby, 1991; Montgomery and McFall-Ngai, 1993 ; see under "Postembryonic Development of the Association"). Because the only benefit to the host is the bacterial production of light, the cellular, biochemical, and molecular characters of these tissues of the hatchling squid can be presumed to have developed during embryogenesis solely to promote host-symbiont interaction. This relatively simple functional background should allow relatively accurate characterizations of the reciprocal interactions between the host and symbiont through biochemical and molecular comparisons of symbiotic and aposymbiotic (not colonized by the symbiont) animals, as well as through the genetic manipulation of the bacteria.
FINDING RARE SYMBIONTS IN THE ENVIRONMENTAL "HAYSTACK"
Environmental transmission of symbionts requires a set of processes not essential in transovarian transmission, that is, to initiate the association, the bacterial partners must be brought into physical contact with the host, while nonsymbiotic species must be excluded. In terrestrial animals, the mechanism is usually relatively direct and several examples have been well characterized. In most such cases, either the parents or other members of the adult host population participate in transmission. For example, the microbe-containing feces of adult termites are fed to the newly hatched juveniles by workers in the colony (Abe et al., 2000) . In contrast, the mechanisms by which aquatic hosts with environmental transmission acquire their symbionts have remained largely a mystery. For example, even where hosts are highly abundant, such as in coral reefs or hydrothermal vents, highly sensitive molecular methods have failed to detect the free-living stage of the symbiont in samples obtained from the adult host habitat. The absence of evidence notwithstanding, the assumption has remained that the symbionts are shed by the adult host populations into the surrounding water, and that the juveniles somehow harvest these dispersed cells.
Recent studies with the squid-vibrio system have uncovered a mechanism for symbiont harvesting in one symbiosis, which may be an example of a more generally occurring phenomenon. Hatching of the juveniles into their microberich seawater environment induces the incipient host to secrete mucus near the sites where colonization will take place (Nyholm et al., 2000) . The activity of an embryonically developed, ciliated epithelium maintains the mucus mass in a position above the sites of colonization and the symbionts, which represent less than 0.1% of the total bacterial population present in the ambient seawater, are gathered into aggregates. These aggregates eventually migrate to and colonize the epithelia-lined crypts that have also formed during embryogenesis. While the precise mechanisms by which other aquatic animals with environmentally transmitted symbioses acquire their symbionts remain largely undescribed, it is likely that the mode of symbiont harvesting that occurs in the squid-vibrio system is not unique; that is, ciliary-mucus currents are common mechanisms by which aquatic animals bring bacteria-rich environmental water across their surfaces. In some systems, such as in the vent tube worms, patches of cilia that are lost subsequent to inoculation with the symbiont have been noted near the sites of symbiont colonization (Southward, 1988; Jones and Gardiner, 1988) .
POSTEMBRYONIC DEVELOPMENT OF THE ASSOCIATION
Over the past several decades, plant biologists studying the legume/nitrogen-fixing rhizobial symbioses have provided the only detailed insight into eukaryotic-prokaryotic interactions during development (for review, see Stougaerd, 2000) . These studies have revealed that dozens of genes of both the host and symbiont orchestrate a complex developmental program, which results in the formation of a functional root-nodule symbiosis. In contrast, because of past technical difficulties, only two experimental animal systems, the germ-free mouse and the squid-vibrio association (McFall-Ngai, 1999) , have provided significant progress in the characterization of the hostsymbiont dialogue during the successful establishment of stable associations during postembryonic development. Early studies of germ-free (axenic) and gnotobiotic (with known colonizing microbes) mammals demonstrated that microbial colonization of tissues results in profound changes in their form and function (for review, see Hooper et al., 1998; McFall-Ngai, 1998 ). In the mid-1990s, researchers began to examine the molecular basis for these normal changes using the genetically defined mouse model and a genetically engineered bacterial species Bacteroides thetaiotaomicron (Bry et al., 1996) , which is a member of the intestinal microbial community. These studies focused on the influence of the bacteria on the nature of the surface molecules on the intestinal epithelial cells. In the days before exposure to the symbionts (i.e., during the end of the weaning period), the host is preprogrammed to begin decorating the epithelium with fucosyl residues. Without bacterial interaction within a certain time frame, the fucosyl residues are lost from these surfaces. However, upon exposure to B. thetaiotaomicron, which uses fucose as a nutrient source, the host upregulates the production of fucosyl transferases. This activity leads to an increase in the production of fucosyl residues on the apical cell surfaces, which promotes the colonization of this bacterial species. Bacterial mutants that are defective in fucose utilization are incapable of inducing host cell fucosylation. The data demonstrated that the host tissues are poised for interaction with the symbiont, and interaction with the symbiont is essential for further normal development to ensue.
These integrative studies with the germ-free mouse model, which required the cooperation of bacteriologists and developmental biologists, were the beginnings of a revolution in the study of such complex animal-bacterial associations. The concomitant development of technology over the past five years has been timely in the progress of this revolution. Specifically, the combination of the availability of sequenced mammalian genomes, the ability to identify and characterize the several hundred to thousands of coevolved bacterial species in the alimentary canal, and the opportunity to study host and symbiont gene expression have paved the way for rigorous, detailed studies of consor-tial interactions. Consequently, the community of biologists can look forward to a rapid proliferation in our knowledge of these areas.
The application of such technology formed the basis of a recent benchmark study using the germ-free mouse model, in which performed the first in depth characterizations of the changes in gene expression in the intestinal epithelia that result from the interaction with indigenous bacteria. Using DNA microarrays and lasercapture microdissection, coupled with quantitative, realtime RT-PCR, they found that the coevolved microbiota induce a wide variety of genes in these intestinal epithelia cells, including genes associated with maturation of the intestine, nutrient processing, and mucosal immunity. With this system, they were also able to compare the effects of introducing single species with exposure to the entire community. Their data show different patterns of host gene expression when the host is exposed to one or a few bacteria than when it is exposed to a complex mixture of species from the native community. These experiments provided evidence that, in normal development of the host-symbiont community, the host is not engaging in a general (i.e., nonspecific) response to the presence of bacteria but, rather, is responding to overtures made by the specific coevolved community.
Because the complexity of consortial interactions presents specific difficulties with experimental manipulation and interpretation, as is a common practice in developmental biology, the study of a simpler model would be useful. The squid-vibrio model offers such a complementary system. This symbiosis represents the most common type of animal-bacterial association, that is, the interaction of extracellular Gram-negative bacteria with polarized host epithelia. The model has several experimental advantages for the study of the mechanisms by which such relationships develop. The host and symbiont can be raised independently of the association (McFall-Ngai and Ruby, 1991) and the bacterial symbionts can be genetically manipulated (Ruby, 1999; Stabb et al., 2001) . In addition, the time course of the dramatic bacteria-induced developmental changes is relatively short, that is, 0.5-48 h following first exposure to symbionts (Montgomery and McFall-Ngai, 1994; Lamarcq and McFall-Ngai, 1998; Visick et al., 2000) . Tens of thousands of host juveniles can be produced each year with a breeding colony of a dozen females and relevant host tissues are abundant enough so that stage-specific cDNA libraries are being created in symbiotic and aposymbiotic animals. The availability of abundant, quickly developing hosts has allowed for the screening of thousands of bacterial mutants (Visick and Skoufos, 2001 ). In addition, the V. fischeri genome is currently being sequenced, and a representation of its genes will be ordered on a microarray chip (E. Ruby, personal communication) . Such an array can be used to determine the pattern and identity of bacterial responses to the initiation of a developmental dialogue with the host (Khodursky et al., 2000; Akman and Aksoy, 2001) . Taken together, the combination of all these features renders the squid-vibrio symbiosis a powerful model for the study of the interactions of animal tissue with extracellular, Gramnegative bacteria.
In the squid-vibrio association, both the host and symbiont undergo marked developmental changes in response to symbiosis (Visick and McFall-Ngai, 2000) . The bacteria induce morphogenesis in the host light organ that transform it from a morphology that promotes inoculation of the tissues at hatching to one that promotes maintenance of the association throughout the life history of the host. The morphology of the light organ developed during embryogenesis that awaits the colonization process consists of: (1) a complex superficial field of ciliated cells involved in promoting the harvesting of symbionts; and (2) a series of deeply invaginated crypts lined by polarized columnar epithelia, the site of eventual symbiont colonization (Montgomery and McFall-Ngai, 1993) . Once the bacteria are harvested into aggregates (see under "Finding Rare Symbionts in the Environmental 'Haystack' "), the aggregates move through long ducts into the crypt spaces. Within 12 h, the bacteria induce several changes in host light organ morphology, both in cells directly associated with the symbionts and in cells remote from the growing bacterial population. The most dramatic of these changes is the bacteria-induced irreversible morphogenesis of the remote, superficial field of ciliated epithelia. Around 12 h following first exposure to the symbionts, the bacteria signal the loss of this field, which requires a 4-day program (Montgomery and McFall-Ngai, 1994; Doino and McFall-Ngai, 1995) . When the tissues are antibiotically cured of the symbionts after 12 h, but not before, the 4-day program continues unabated (Doino and McFall-Ngai, 1995) .
Some of this morphogenetic program involves the triggering of cell death by the symbiont lipopolysaccharide, an abundant cell surface molecule (Foster and McFall-Ngai, 1998; Foster et al., 2000) . The bacteria also induce changes in the epithelia with which they interact. Specifically, these cells swell (Montgomery and McFall-Ngai, 1994; Visick et al., 2000) and the density of the microvilli along their apical surfaces increases dramatically (Lamarcq and McFall-Ngai, 1998) , but these changes are reversible with antibiotic curing of the tissues. Interestingly, strains of V. fischeri defective in light production do not induce cell swelling and are defective for persistence in the organ (Visick et al., 2000) . These findings suggest a mechanism, which is built into the host's developmental program, whereby the principal function of the symbiosis (i.e., light production) is maintained. Studies of the proteome of the light organ in symbiotic and aposymbiotic animals over the first four days of symbiosis have shown that these morphological changes correlate with significant changes in host protein production (Doino and McFall-Ngai, 2000) . The further characterizations of the molecular basis to the host-symbiont dialogue are under way. The data derived from these studies, and their comparison to results from other research efforts, such as those in the germ-free mouse system, will make possible the determination of what components of the squid-vibrio interactions are general to the reciprocal conversation between animal epithelial cells and their bacterial symbionts, and what components are unique to this system. In addition, it should provide insight into the similarities and differences in host response to bacterial interactions in vertebrates and invertebrates.
Studies of this bacterium have shown that it must also undergo morphological differentiation and changes in gene expression during initiation of the association (Ruby and Asato, 1993; Visick and Ruby, 1998) . Although the range of cellular morphology is relatively limited in bacteria, recent advances in both genomics and proteomics are revealing the extent to which global activation and repression of bacterial genetic responses can influence bacteria-host communication through changes in surface components and exported signal molecules. For instance, recent studies have shown that pathogenic bacteria have the ability to manipulate the normal developmental program of a host cell by subverting the signal-transduction pathways controlling its cellular determination and differentiation (Finlay and Cossart, 1997; Ireton and Cossart, 1998) . Recognition and elucidation of these phenomena have led to the founding of a new interdisciplinary field designated cellular microbiology (Henderson et al., 1999; Cossart et al., 2000) . Continued examination of the squid-vibrio and other similar associations should provide insight into how Gram-negative bacteria like V. fischeri form cooperative alliances in some hosts or tissues, while initiating pathogenic ones in others (Small and McFall-Ngai, 1999; Mahajan-Miklos et al., 2000; Vivas and Goodrich-Blair, 2001 ).
Although the germ-free mouse model and the squidvibrio association have been, to date, the most exploited experimental models of animal-bacterial interaction during development of the association, the newly available technologies that can be applied to the study of such interactions are resulting in the development of new models and a renaissance of the study of other associations (Table 1) .
KEEPING THE PEACE: PROMOTING PERSISTENCE AND EDUCATING THE DEVELOPING IMMUNE SYSTEM
Postembryonically, in all symbioses, the host and symbiont must initiate the development of features that will promote maintenance of a stable association, that is, one in which the host neither eliminates the bacterial partners nor allows them to overgrow the tissues. In the intracellular symbioses of invertebrates, the morphological and molecular characteristics of the host and symbiont cells suggest that the host severely limits symbiont proliferation (Buchner, 1965; Stouthamer et al., 1999) , eliminates supernumerary cells (Milburn, 1966; Nardon and Grenier, 1988) , and restricts the bacteria to specific tissues. For example, in the maturation of the trophosome (the symbiont-specific organ) of the hydrothermal vent tube worm Riftia pachyptila, a gradient of host and symbiont cell morphologies occurs. The bacteria-containing cells, or bacteriocytes, and their associated symbionts are created, mature, and senesce along a morphological cline from the center of the trophosome to the periphery (Bosch and Grasse, 1984) .
The mechanisms by which bacteria are restricted to a given cell type or tissue in intracellular symbioses are not well understood. It has been hypothesized that the environment of the symbiotic cell protects the symbiont from host defenses; any escaping symbiont would be recognized and eliminated (Hinde, 1971; Brooks, 1975) . While this hypothesis may predict the fate of a symbiont cell escaping from the symbiotic tissue, it does not account for the restriction of symbionts to a given cell type. Interestingly, recent biochemical studies of insect tissues have shown that some of the highest levels of antimicrobial peptides are in the very tissues (e.g., the fat bodies) that are symbiotic in some species (Hoffmann et al., 1996) . The molecular characteristics of the coevolved symbiont cell also reflect growth restriction in host tissues (Ochman and Moran, 2001) . A large number of the intracellular symbionts have undergone extensive gene loss, reflecting their obligate alliance with host cells (Maniloff, 1996; Shigenobu et al., 2000) . While achieving an understanding of maturation of symbiotic tissues in animals with intracellular associations will continue to be technically challenging, new approaches are rapidly developing (e.g., Akman and Aksoy, 2001; Dale et al., 2001 ) that promise to provide great insight into these widespread symbioses.
Most environmentally transmitted symbioses in animals, such as the alimentary canal and squid-vibrio associations, are extracellular and often remain open to the environment throughout the life history of the host. Thus, the host/ symbiont community must not only develop mechanisms by which to achieve a balanced, functioning population ratio but it must also ensure specificity of the interaction from the inception of the relationship throughout its persistence. Available evidence suggests that such controls are mediated by: (1) the direct interaction of the bacterial cells with the host cells that are colonized; and (2) the immune system, both innate as well as adaptive (when present), which samples the population and keeps the host informed of the state of the interaction. Bacteria-induced changes in host cells in the systems that have been studied (Bry et al., 1996; Lamarcq and McFall-Ngai, 1998; Visick et al., 2000) suggest that some component of persistence results from signaling between the surfaces of the partners' cells. These processes include components that enhance persistence, such as the induction of symbiont nutrient provision by the host (Bry et al., 1996) , and components that limit the location of the growing symbiont population. For example, interactions with the gut microbiota induce the mammalian intestinal mucosa to produce mucins and alphadefensins, which inhibit the symbionts from invading host tissues .
While an understanding of developmental changes in colonized tissues is as yet poorly grasped, a significant body of data is available on the role of the coevolved microbiota in the maturation of the adaptive immune system of mammals. The immune system not only performs surveillance for the detection of dangerous antigens and pathogens but also "educates" the body about the state of the indigenous microbiota. The ability of the immune system to perform these complex functions results from a maturation process that is dependent on colonization of the mucosal surfaces with the proper symbionts (Umesaki et al., 1995; Cebra, 1999; Lanning et al., 2000; Umesaki and Setoyama, 2000; Boman, 2000) . The organization and cellular composition of the gut-associated lymphoid tissue (GALT) are altered when the appropriate microbiota are not provided (Gordon et al., 1997) . Evidence also exists that in the absence of appropriate exposure to microorganisms, the balance of immune responses associated with T-helper 1 and 2 cells does not commence properly (Rook and Stanford, 1998) . Further, in some cases, the microbiota have been shown to be responsible for induction of the production of MHC class II molecules (Cebra, 1999; Umesaki and Setoyama, 2000) and the diversification of the antibody repertoire (Lanning et al., 2000) . Evidence is growing that medical problems, such as allergies, asthma, and inflammatory bowel disease, may in some cases result from the lack of proper development of the interactions between the indigenous microbiota and host tissues (Rook and Stanford, 1998) . While the mechanisms underlying this maturation process are presently not well understood, evidence is accumulating that one critical facet of the process is dependent on the ability of the immune system to differentiate between the native resident microbiota and the "tourist" bacteria passing through. There is increasing evidence to suggest that one effect of colonization by normal microbiota is a "turn down" in the inflammatory response in the mucosa (Shroff et al., 1995; Neish et al., 2000) . In a recent study, Neish and coworkers (2000) compared the response of human gut epithelial cells to interactions with virulent and avirulent Salmonella strains. Exposure of host cells to avirulent strains results in a decrease in the synthesis of inflammatory cytokines through inhibition of the NFB pathway. Specifically, the activity of these strains blocks the ubiquination of IB. Thus, NFB remains bound to IB and is prevented from entering the nucleus to carry out its function of upregulating the transcription of genes associated with the inflammatory response, such as those that encode cytokines and antimicrobial peptides. In addition, recent evidence suggests that IgA, the immunoglobulin that protects the mucosa from environmental microorganisms, responds differently to foreign bacteria than to the indigenous microbiota. Specifically, the induction of IgA secretion in response to the native symbionts occurs through a pathway that is independent of cooperative interactions with T cells and follicular lymphoid tissue, whereas responses to foreign microbes requires these interactions (Macpherson et al., 2000) . Clues to the mechanisms by which the immune system distinguish cooperative bacteria from pathogens are not available for animals other than mammals. However, the immune system is likely to be a principal player in all animal-prokaryotic interactions. In invertebrates, such controls would be mediated by the innate immune system, through the activity of hemocytes and specific biochemical pathways in these cells and other host cells that interact directly with microbes. It is already known that the Tollreceptor/NFB pathway, which is a critical developmental pathway, is pivotal to how both vertebrates and invertebrates respond to microbial cells. In the squid-vibrio system, for example, in addition to interacting with the epithelial cells lining the crypt spaces, the bacterial symbionts interact with a population of host hemocytes that sample the crypt spaces (Nyholm and McFall-Ngai, 1998) . Whether the Toll-receptor/NFB pathway is involved in host squid responses is under investigation.
FUTURE DIRECTIONS
A survey of our current state of knowledge reveals an array of fundamental questions that are relevant to understanding the developmental biology of animals. The questions include:
1. What is the nature of the conversation that occurs between host tissues and their symbiotic bacteria during development, and what types of molecular interactions underlie the patterns of development in tissues that are influenced by their associated microbiota?
A. To what extent have the bacterial partners been involved in the evolution of the tissues with which they associate? For example, were bacteria critical for the diversification of ruminates, or did bacteria participate in the selection pressure that formed early events in animal evolution, such as the advent of gastrulation?
B. How does the presence of microbes influence the development of the immune system in a given animal? How have interactions with microbes influenced the evolution of developmental patterns of the innate and adaptive immune systems? C. What is the significance of the coincident signaling pathways, such as the Toll-receptor pathway, that are shared by developmental processes and the immune systems of both animals and plants? Did such pathways first arise as a language by which eukaryotic cells could interact with both benign and pathogenic bacteria, and which subsequently were incorporated into the developmental programs of animals?
2. How widespread are cooperative associations between animals and bacteria, and under what conditions does their presence influence animal developmental patterns?
A. What are the culturable and unculturable components of the complex, coevolved communities of microbes that associate with animal species, and what are their functions as members of these communities? B. Is the presence of a set of coevolved consortia along the alimentary canal a shared character among all animals, or does this feature occur only in certain groups? If this character is general, how have these consortia impacted the developmental patterns of the surrounding tissues, both through the ontogeny of an animal and through its evolution?
3. What is the basis for developmental diversity in animal-bacterial associations?
A. What aspects of the development of animalbacterial interactions do all animals share, and what features underlie the diversity of such associations?
B. Is transovarian transmission of cooperative animalbacteria symbioses restricted to invertebrate groups and, if so, why? Is the germ line of invertebrates more susceptible than that of vertebrates to the incorporation of bacterial cells and, if so, what renders their germ line permissive? What aspects of the biology of vertebrates apparently preclude such incorporation? What renders some animal species susceptible to the promiscuous Wolbachia?
C. Why are cooperative monospecific symbioses rare in vertebrates and common in invertebrates? Similarly, why are intracellular cooperative associations rare in vertebrates and common in invertebrates?
The magnitude of the unknown in this field is daunting, but the technical means are now available to address many of these questions (for review, see McFall-Ngai, 2001 ) and the development of suitable model systems (Table 1) is occurring at a rapid pace. No single model will, by itself, provide a complete picture of these processes, but there are enough systems currently available to serve as nucleation sites for future exponential growth in this field.
An increasing awareness of how bacteria influence animal development has given rise to a new and rapidly growing discipline. However, the successful development and maturation of this field will require nothing less than a cultural change among biologists. Individuals in the fields of microbiology and developmental biology, disciplines that in the past have rarely shared either a common language or scientific goals, must bring their expertise to bear on the critical issues in this area. Without such an integration these two fields will run the risk of missing important clues to both the evolution of animal-bacterial interactions and the mechanisms underlying animal developmental processes. Several decades ago, ecologists realized that bacteria have in the geological past, as well as in the present day, dominated material and energy flow in the world's ecosystems. Subsequently, with the advent of molecular phylogenetic analyses, evolutionary biologists have come to recognize that bacteria are the most diverse of all organisms. In recent years an integration of bacterial genetics and physiology into host cell biology has produced a remarkable insight into the biochemical mechanisms that sustain the eukaryotic cell. This review argues that now is the time for the fields of microbiology and developmental biology to embrace a similar integration of thinking.
